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Previewsskin samples from patients with UV-
induced LE lesions showed colocalization
of 8-OHG and MxA (an IFN-a-induced
gene product) in the epidermis. Compel-
lingly, oxidized self-DNA but not normal
DNA induced skin lesions in the lupus-
prone mice.
Altogether, the paper by Gehrke et al.
(2013) improves our understanding of
how innate immune DNA-sensing mecha-
nisms discriminate between danger and
normal homeostasis and offers some
tantalizing clues as to how DNA sensing
might drive and exacerbate IFN-mediated
autoimmunity. In the future it will be impor-
tant to determine whether oxidation of
DNA is utilized to heighten responses
during sensing of pathogens, as well as
sensing of damage, because it remains
to be determined whether pathogen DNAgets marked by oxidation during a live
infection. It will also be of interest to deter-
mine the activity of TREX1 in different cells
in vivo and to discover whether some
primary cells lack TREX1 and therefore
may be sites where autoimmunity initiates
more readily because of a lower threshold
response to self-DNA. The work here
emphasizes the importance of the safety
net that TREX1 normally provides in pre-
venting cytosolic DNA-mediated immune
responses, a safety net that is removed
during immune reactions by the genera-
tion of oxidized DNA.REFERENCES
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Autophagy can degrade intracellular bacteria, but how this pathway contributes to phagocytosis is unclear.
In this issue of Immunity, Bonilla et al. (2013) demonstrate an additional role for autophagy inMycobacterium
tuberculosis internalization by macrophages.During autophagy (andmacroautophagy),
diverse substrates ranging from specific
proteins to damaged organelles can be
sequestered within a double-membrane
vesicle (the autophagosome) and deliv-
ered to the lysosome for degradation.
Targeting to the lysosome represents a
primary threat to the survival of an inter-
nalized microbe, and the contribution of
autophagy to this process has been
most extensively examined during myco-
bacterial infection of macrophages. Pio-
neering experiments with the tuberculosis
vaccine strain Mycobacterium bovis
Bacillus Calmette-Guerin (BCG) demon-
strated that induction of autophagy leads
to engulfment of bacteria in autophago-somes and reduced viability in macro-
phages (Gutierrez et al., 2004). Sub-
sequent studies have made related
observations with Mycobacterium tuber-
culosis (Mtb) and have expanded the
role of autophagy to include antigen pre-
sentation and processing of antimicrobial
molecules (Figure 1; Alonso et al., 2007;
Jagannath et al., 2009; Ponpuak et al.,
2010). For this reason, manipulation of
autophagy could complement other stra-
tegies in the fight against this devastating
pathogen.
Although the emphasis has been on the
fate of bacteria after internalization, the
role of autophagy during phagocytosis
has not been examined. Bonilla et al.(2013) utilize mice that lack Atg7 in the
myeloid compartment (Atg7/ mice) to
now provide evidence that the internaliza-
tion step is also subject to regulation by
autophagy in an unexpectedway. Consis-
tent with the function of Atg7 directly
upstream of autophagosome formation,
the authors show that macrophages
derived from Atg7/ mice harbor a
higher amount of BCG and Mtb after
in vitro infection. Surprisingly, this
increase in bacteria was seen as early as
1 hr after infection, reflecting enhanced
binding and internalization rather than
impaired degradation. Also, a higher pro-
portion of macrophages containing
bacteria can be found in Atg7/ miceptember 19, 2013 ª2013 Elsevier Inc. 425
Figure 1. Autophagy Inhibits Internalization and Intracellular Survival of Mycobacterium
tuberculosis
After phagocytosis by macrophages,M. tuberculosis (Mtb) bacilli that escape into the cytosol or remain in
a damaged vacuole can be recognized by the adaptor protein p62 and targeted for degradation in the
autolysosome (autophagosome fused with lysosome). p62 also brings antimicrobial precursor molecules
derived from ubiquitin and ribosomal proteins to the autolysosome for processing. In an autophagy-
deficient cell, these antimicrobial processes are disrupted, and this innate immune defect is exacerbated
by p62 accumulation. Excess p62 binds KEAP1 and releases Nrf2, which is then able to translocate to the
nucleus and increase scavenger receptor expression. BecauseMtb uses scavenger receptors for internal-
ization, autophagy-deficient macrophages display enhanced Mtb uptake, and the increase in intracellular
bacteria cannot be resolved.
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Previewsearly after intraperitoneal injection with
BCG. The authors further confirmed that
Atg7/ mice infected intranasally by
BCG exhibited enhanced bacterial counts
and inflammatory cell recruitment, an
observation similar to Mtb infection of
mice deficient in another autophagy
gene, Atg5 (Castillo et al., 2012; Watson
et al., 2012).
When the authors screened a panel of
receptors for cell surface expression,
they found that two class A scavenger
receptors, MARCO and MSR1, were
markedly upregulated in Atg7/ macro-
phages as well as in cells lacking other
autophagy genes. A recent study has
shown that MARCO is a target gene for
nuclear erythroid-related factor 2 (Nrf2),
the main transcription factor of the oxida-
tive stress response (Harvey et al., 2011).
There is precedence for an interaction
between Nrf2 and autophagy that is
dependent on p62, an adaptor protein
that recruits substrates into the autopha-
gosome and is also degraded itself. Nrf2
is kept inactive under resting conditions
through its interaction with Kelch-like426 Immunity 39, September 19, 2013 ª2013ECH-associated protein 1 (KEAP1). p62
has been shown to bind KEAP1, leading
to the release and nuclear translocation
of Nrf2 (Lau et al., 2010). Therefore, in an
autophagy-deficient cell, excess p62
accumulation will increase expression of
Nrf2 target genes. Indeed, Atg7/ mac-
rophages displayed increased amounts
of p62, Nrf2, and Nrf2 target gene prod-
ucts. In contrast, p62/ macrophages
displayed decreased amounts of Nrf2,
MARCO, and MSR1.
Based on the above set of observa-
tions, the authors propose that in
autophagy-deficient cells, accumulation
of p62 disrupts the inhibitory interaction
between KEAP1 and Nrf2, leading to
increased scavenger receptor expression
and phagocytosis of mycobacteria
(Figure 1). These findings highlight the
complexity of investigating the role of
autophagy during infectious disease, i.e.,
disruption of a key membrane trafficking
pathway will perturb host-microbe inter-
actions at multiple steps. But perhaps
the most important contribution of this
study is that it raises the possibility thatElsevier Inc.autophagy is part of a negative feedback
loop to control the degree of phagocy-
tosis. According to the proposed model,
the same signals (innate immune activa-
tion) that encourage phagocytosis will
induce autophagy-mediated degradation
of p62, thereby limiting scavenger re-
ceptor expression. Although macro-
phages serve as a major immune effector,
excess phagocytosis may be problematic
because this cell type is also known to
offer safe refuge and promote dissemina-
tion of pathogens. However, lack of p62
does not affect uptake of mycobacteria
into macrophages, probably because of
the diversity of receptors that can recog-
nize this microbe. Instead, the above
model may be particularly relevant for
other bacteria and ligands that rely
exclusively on MSR1 and MARCO for
internalization. Alternatively, this cross-
regulation could reflect an ancient role
of phagocytosis and autophagy in
nutrient acquisition. For instance, it may
be advantageous for the amoeba Dic-
tyostelium to increase phagocytosis of
bacteria as a nutrient source when auto-
phagy-mediated nutrient acquisition is
blocked.
Finally, a major remaining challenge is
to determine the relative contribution of
the above mechanism to Mtb susceptibil-
ity. Bonilla et al. (2013) focused onmacro-
phages, but it would be valuable to
determine scavenger receptor expression
in other myeloid cell types in Atg7/
mice and whether the infected cell popu-
lations are altered in a manner that
promotes disease. Moreover, the role of
autophagy in bacterial degradation or
limiting the ensuing inflammatory cytokine
response could also explain the suscepti-
bility of Atg7/ and Atg5/ mice to
mycobacterial infection, as proposed by
Castillo et al. (2012) and Watson et al.
(2012). Linking an in vitro immune mecha-
nism to an in vivo observation is exceed-
ingly difficult, but this should now be
possible for autophagy and Mtb with
teamwork and sharing of reagents. In
contrast to models in which p62 acts in
concert with the autophagy machinery,
Bonilla et al. (2013) argue that accu-
mulation of p62 contributes to the sus-
ceptibility of Atg7/ mice. Although
these are not mutually exclusive, it should
be possible to determine whether p62
plays a role in promoting bacterial infec-
tion in the Atg7 mutants by examining an
Immunity
PreviewsAtg7,p62 doublemutant. If themodel pro-
posed by Bonilla et al. (2013) is correct,
the double mutant should exhibit a less
severe phenotype than the single mutant.
Along these lines, experiments that
determine whether the beneficial function
of autophagy is dependent on adaptive
immunity would also be helpful. These
future experiments not only could reveal
which autophagy functions are dominant
over others, but the reagents that are
generated can be used to compare Mtb
with other pathogens and lead to sub-
stantial insight into autophagy-mediated
immunity.REFERENCES
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The origin and function of extrathymic Aire-expressing cells (eTACs) is incompletely defined. In this issue of
Immunity, Gardner et al. (2013) show that eTACs are a distinct tolerogenic cell population that functionally
inactivates CD4+ T cells to induce peripheral tolerance.Immunological tolerance is the absence of
a pathologic autoimmune response to
self-antigens. In the case of T cells, central
tolerance occurs during thymic develop-
ment and peripheral tolerance provides a
secondary level of protection against
autoreactive lymphocytes that were not
deleted or inactivated in the thymus. If
one assumes that deletion or inactivation
of self-reactive cells requires the presence
of self-antigen (to distinguish them), then a
paradox of central tolerance is how multi-
ple peripheral antigens aremade available
in the thymus. Just over a decade ago, the
‘‘autoimmune regulator’’ (Aire) was shown
to promote ectopic expression of peri-
pheral tissue-specific antigens (PTAs) in
thymic medullary epithelial cells (MECs),
which impose central tolerance through
negative selection of self-reactive T cells
(Anderson et al., 2002). In humans, lack
of a functional Aire protein results in the
development of a multiorgan autoimmune
disease known as autoimmune poly-endocrinopathy-candidiasis-ectodermal
dystrophy (Nagamine et al., 1997), and
animal studies fromAire/mice recapitu-
late most of this phenotype (Anderson
et al., 2002). In addition to expression on
thymic MECs, Aire is also expressed
extrathymically on eTACs (extrathymic
Aire-expressing cells) located in sec-
ondary lymphoid tissue (Gardner et al.,
2008). Previously, Gardner et al. reported
that eTACs are identified as CD45 stro-
mal cells within the secondary lymphoid
organs, capable of interacting with and
deleting CD8+ naive autoreactive T cells
(Gardner et al., 2008). Importantly, eTACs
expressadistinct anddiversearrayof self-
antigenscompared tomTECs.However, a
number of questions remained about the
identity of eTACs and their potential in
inducing peripheral tolerance in CD4+
T cells. In this issue of Immunity, Gardner
et al. (2013) provide evidence that eTACs
are a bone-marrow-derived antigen-
presenting cell (APC) population withphenotypic characteristics distinct from
dendritic cells (DCs) and stromal cells.
They further demonstrate that eTACs
prevent CD4+ T cell-mediated autoimmu-
nity via functionally inactivating this popu-
lation of cells, providing the first evidence
that Aire-mediated expression of PTAs in
eTACs can be an important mechanism
for CD4+ T cell tolerance (Figure 1).
The term ‘‘antigen-presenting cell’’ or
‘‘professional APC’’ is frequently used to
define cells that express both major histo-
compatibility complex (MHC) class I and
class II molecules under basal conditions
(i.e., in the absence of inflammatory
stimuli). Depending upon context and
other variables, such cells may play roles
in the induction of both productive and
tolerogenic T cell responses. Earlier, by
using Aire-reporter mice, Gardner et al.
had identified eTACs in lymphoid organs
as a type of APC contained with the
CD45 stromal cell population (Gardner
et al., 2008). Now, to further characterizeptember 19, 2013 ª2013 Elsevier Inc. 427
